The L-arabinose metabolic gene cluster, araA, araB, araD, araG, araH and araR, encoding L-arabinose isomerase (L-AI) and its accessory proteins was cloned from Mycobacterium smegmatis SMDU and sequenced. The deduced amino acid sequence of araA displayed highest identity with that of Bacillus subtilis (52%). These six genes comprised the L-arabinose operon, and its genetic arrangement was similar to that of B. subtilis. The L-AI gene (araA), encoding a 501 amino acid protein with a calculated molecular mass of 54,888 Da, was expressed in Escherichia coli. The productivity and overall enzymatic properties of the recombinant L-AI were almost same as the authentic L-AI from M. smegmatis. Although the recombinant L-AI showed high substrate specificity, as did L-AI from other organisms, this enzyme catalyzed not only isomerization of Larabinose-L-ribulose and D-galactose-D-tagatose but also isomerization of L-altrose-L-psicose and L-erythrulose-Lthreose. In combination with L-AI from M. smegmatis, L-threose and L-altrose can be produced from cheap and abundant erythritol and D-fructose respectively, indicating that this enzyme has great potential for biological application in rare sugar production. Transcription analysis using various sugars revealed that this enzyme was significantly induced not only by L-arabinose and Dgalactose but also by L-ribose, galactitol, L-ribulose, and L-talitol. This different result of transcription mediated by sugars from that of E. coli suggests that the transcriptional regulation of araA from M. smegmatis against sugar is loose compared with that from E. coli, and that it depends on the hydroxyl configuration at C2, C3 and C4 positions of sugars.
version of bulk carbohydrate into more valuable products and materials, and with the synthesis and analysis of complex carbohydrates and their conjugates associated with various biological functions. Microorganisms are often considered as mini natural factories, with particularity to operate at ambient temperature and pressure. In this respect, microbes and their enzymes are potential tools for the production of value-added carbohydrates and their derivatives. These potentials have been successfully exploited in the production of rare sugars from natural sugars. Rare sugars are not abundant in nature and are expensive because research in mass production of rare sugars continues, with few exceptions such as xylitol and erythritol, which are GRAS and are utilized many applications such as food additives for sweetness and toothpaste that prevents dental caries. Recently, rare sugars increased attraction not only in the food industry but also in pharmaceutical and nutritional industries on account of multipurpose applications such as their use as reduced-calorie sweeteners, inhibitors of microbial growth, bulking agents, antioxidants, and nucleoside analogues. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] We are working mainly on the production of various kinds of rare sugars using microorganisms screened from a variety of natural habitats and their enzymes. Using these microorganisms, we are studying several aldose-ketose isomerases (ketol isomerases), such as Lfucose isomerase (D-arabinose isomerase), L-arabinose isomerase (L-AI), L-ribose isomerase, and L-rhamnose isomerase, which are applicable in the production of various rare sugars as well as D-tagatose 3-epimerase and polyol dehydrogenases. [17] [18] [19] [20] [21] We found that mass production of D-allose and D-psicose from D-psicose and D-fructose were achievable using L-rhamnose isomerase and D-tagatose 3-epimerase respectively, and that both of these enzymes showed broad substrate specificity on various kinds of sugars. 4, 22) Meanwhile, L-AI (EC 5.3.1.4), which specifically recognizes the substrate owing to the configuration of the sugar structure, catalyzes the conversion of D-galactose to D-tagatose as well as the conversion of L-arabinose to L-ribulose. 10) This property might be explained by the structural similarity between L-arabinose and D-galactose, including a shared L-cis-hydroxyl configuration at C3-C4. 23) Although many L-AIs have been used in D-tagatose production, their reaction rates are too slow for industrial processes. 12) Direct evolution of the L-AI gene has been suggested as a powerful tool to increase the reaction rate. 24) The AraC of Escherichia coli and the AraR of Bacillus subtilis, which are negative repressors of Larabinose operon (ara), repress transcription of their promoters in the absence of L-arabinose and activate transcription of ara operon in the presence of Larabinose, indicating that the inducer of L-AI is Larabinose. 25) Mycobacterium smegmatis, which was previously isolated in our laboratory, appeared to be unusual among microorganisms in that the inducer specificity of pentose isomerases was relatively broad. 26) Many studies concerning the purification and properties of L-AI from various organisms have been reported. 27, 28) In all of them, L-AI was induced by L-arabinose, and other sugars had no ability to induce the enzyme. On the other hand, L-AI from M. smegmatis was induced not only by L-arabinose but also by D-galactose, D-fucose, galactitol, and L-arabitol. 26) Although these sugars were not utilized by this bacterium, D-galactose and galactitol still induced the enzyme. 26) In this study, we describe the cloning and sequencing of arabinose metabolite genes from M. smegmatis and the purification and characterization of recombinant L-AI. We found that L-arabinose isomerase gene (araA) expression is regulated at the transcription level by the induction of various sugars induction with the same hydroxyl configurations at C2, C3, and C4 positions.
Materials and Methods
Bacterial strains, plasmids, and growth conditions.
were used as the host strains. Plasmid pUC119 and pSL1190 was used for gene cloning, and pQE30 (Qiagen, Valencia, CA) was used for gene expression. M. smegmatis was grown at 37 C for 48 h on TSB medium (2% tryptic soy broth in water, pH 7.0) or a mineral salt medium (0.26% (NH 4 ) 2 SO 4 , 0.24% KH 2 PO 4 , 0.56% K 2 HPO 4 , 0.01% MgSO 4 7H 2 O, 0.05% yeast extract, pH 7.0) supplemented with 0.2% glucose. E. coli was grown on Luria-Bertani (LB) broth medium or super broth medium (SB; 3.5% bacto tryptone, 2.0% bacto yeast extract, 0.5% NaCl, pH 7.5) supplemented with ampicillin (100 mg/ ml) at 30 C with shaking (120 rpm). When required, isopropyl--D-thiogalactopyranoside (IPTG: final 1 mM) and 5-bromo-4-chloro-3-indolyl--D-galactopyranoside (X-Gal: final 40 mg/ml) were added into the medium. For induction of lac promoter, after rising to a cell density of OD 600 ¼ 0:7{1:0, IPTG (final 1 mM) was added and the cells were further incubated for 4 h.
Enzymes, chemicals, and primers. Restriction enzymes, modifying enzymes, and other molecular related reagents were purchased from Takara Shuzo (Kyoto, Japan). Reaction conditions were employed as recommended by the suppliers. General chemicals were obtained from Wako Pure Chemicals (Osaka, Japan). Synthetic oligonucleotide primers (Invitrogen, Carlsbad, CA) are used in cloning, sequencing, expression, and RT-PCR.
DNA manipulation and hybridization. Genomic DNA preparation and recombinant DNA techniques were performed according to standard procedures. 29) DNAs were prepared from agarose gels with a Geneclean II kit (Q-BIO, Vista, CA). Plasmid DNAs were isolated by alkaline lysis method of Birnboim and Doly. 30) E. coli cells were transformed according to the method of Hanahan. 31) Genomic DNA from M. smegmatis was digested with various restriction enzymes, separated in an agarose gel (1%), and blotted onto a nylon membrane by the method of Southern. 32) The DNA fragment was labeled with digoxigenin-11-dUTP (DIG-11-dUTP) with a DIG labeling kit (Roche Diagnostics, Mannheim, Germany), and was used as probe. Detection of hybridization was performed with a DIG chemiluminesence detection kit (Roche Diagnostics) according to the attached protocol.
PCR amplification of partial araA gene. Purified chromosomal DNA (1 mg) was used as a template for PCR. To amplify part of araA, we designed three forward (F1, F2, and F3) and three reverse (R1, R2, and R3) degenerate oligonucleotide primers on the basis of the conserved amino acid sequences of various L-AIs (Table 1 ). Six pairs of synthetic primers were designed: F1-R1, F2-R1, F1-R2, F2-R2, F3-R2, and F1-R3. The amplification reactions were performed in 25 ml reaction volume containing PCR buffer, a 0.25 mM concentration of each deoxynucleoside triphosphate, 2.5 mM MgCl 2 , 400 pmol of each primer, and 1.25 U of LA Taq DNA polymerase (Takara Shuzo), and the PCR conditions were as follows: holding at 95 C for 15 min; 30 cycles at 95 C for 1 min, 55 C for 1 min, and 72 C for 2 min; and holding at 72 C for 5 min (iCycler thermal cycler 582BR; Bio-Rad, Hercules, CA). Under these conditions, the specific amplified 660-bp fragment using the pair of F3-R2 was ligated with HincII-digested pUC119 and named pAK1, and the DNA sequence was determined.
Cloning of araA gene. Plasmid pAK1 was digested with BamHI and PstI, and the digested 600-bp fragment was labelled with DIG-11-dUTP and used as a probe in Southern hybridization and the subsequent colony hybridization. Chromosomal DNA from M. smegmatis was digested with several restriction enzymes (SacII, PstI, HindIII, EcoRI, BamHI-EcoRI, SphI, EcoRI-SphI, BamHI-SphI, and BamHI) and subjected to Southern hybridization with the DIG-labelled probe. Of several hybridized fragments, a 6.0-kb SphI fragment was cloned to SphI-digested pUC119 vector and introduced into E. coli DH5. Some positive clones were obtained from 4,000 transformants and these clones contained the plasmid harbouring 6.0-kb SphI fragment, named pAK2 (data not shown). Plasmid pAK2 included the complete length of araA gene. The gene arrangement of araA is summarized in Fig. 1 .
Cloning of araB, araD, araR, araG and araH genes. Plasmid pAK2 was digested with SphI and NcoI, and the digested 800-bp fragment was labelled with DIG-11-dUTP and used as a probe in 2nd Southern hybridization and the subsequent colony hybridization. The chromosomal DNA from M. smegmatis was digested with several restriction enzymes (NcoI, BglII, KpnI, XhoI, SmaI, and ApaI) and subjected to Southern hybridization with the DIG-labelled probe. Of several hybridized fragments, a 6.0-kb ApaI-KpnI fragment was hybridized with the probe and ligated with ApaI-KpnI-digested pSL1190 vector, which was cloned into E. coli DH5. Some positive clones were obtained from 5,000 transformants, and these clones contained the plasmid harbouring a 6.0-kb ApaI-KpnI fragment, named pAK3 (data not shown). Plasmid pAK3 included complete length of araA, araB, and araD genes.
Then plasmid pAK3 was digested with XhoI and NcoI, and the digested 300-bp fragment was labelled with DIG-11-dUTP and used as a probe in 3rd Southern hybridization and the subsequent colony hybridization. Chromosomal DNA from M. smegmatis was digested with several restriction enzymes and subjected to Southern hybridization with the DIG-labelled probe. A 4.0-kb SacI-KpnI fragment was hybridized with the probe and ligated with SacI-KpnI-digested pUC119 vector, which was cloned into E. coli DH5. A positive clone contained the plasmid harbouring a 4.0-kb SacI-KpnI fragment, named pAK4 (data not shown). Plasmid pAK4 included complete length of araR, araG, and araH genes. The gene arrangement of araB, araD, araR, araG and araH is summarized in Fig. 1 .
Nucleotide sequence analysis. The DNA sequence was determined by the dideoxy nucleotide chain termination method using a LIC-4200L DNA sequencer (Licor Biosciences, Lincoln, NE). 33) The sequence was completely analyzed over both directional strands by overlapping them at every junction using IRD700 and IRD800 dye-labeled primers and a Thermo Sequence cycle sequencing kit (GE Healthcare Bio-Science, NJ) according to the manufacturer's instructions. A search for proteins homologous to the L-AI protein was performed by comparing the nucleotide sequence and the deduced amino acid sequence with the DNA and protein sequences available from the DDBJ and Swis-sProt databases with the Blast program. Multiple sequence alignments were constructed with the Clus-talW program, available from DDBJ.
Construction of araA expression plasmid pAK5. The araA gene was amplified by PCR performed under the conditions described above. Synthetic oligonucletide primers were designed to incorporate an BamHI site in the forward primer and a HindIII site in the reverse primer, as shown Table 1 . An approximately 1.5-kb BamHI-HindIII fragment containing the complete coding sequence of araA was prepared by digesting the PCR-amplified fragment with BamHI and HindIII. Plasmid pAK5 was constructed by ligating the fragment into plasmid pQE30, which had previously been digested with BamHI and HindIII. Plasmid pAK5 was then introduced into E. coli JM109. The transformants were grown at 30 C for 12 h in 3 ml of SB medium supplemented with ampicillin. L-AI production was initiated by the addition of IPTG (final 1 mM). After cultivation, cells were collected, washed, and disrupted by sonication at 4 C. After centrifugation at 12;000 Â g, both the supernatant and pellet were assayed for L-AI activity by the method described below.
Purification and characterization of recombinant Larabinose isomerase. E. coli JM109 cells carrying recombinant L-AI were cultivated in 100 ml of SB supplemented with ampicillin at 30 C for 12 h with shaking. L-AI production was initiated by the addition of IPTG (final 1 mM) when the culture reached an optical density at 600 nm of 0.7, and growth was then continued for another 4 h. After cultivation, cells were harvested by centrifugation at 9;000 Â g for 10 min at 4 C and washed twice with distilled water, and the washed cells were disrupted by grinding with activated aluminium with mortar and pestle. The ruptured cells were then resuspended in the same buffer. The cell debris was removed by centrifugation at 12;000 Â g for 10 min at 4 C. The supernatant fluid obtained was utilized as a crude extract to be purified. Unless otherwise stated, all purification steps were performed at room temperature on an AKTA purifier system (GE Healthcare Bio-Science). The supernatant of the crude extract (100 ml) was first applied to a Q-Sepharose HP (1:6 Â 10 cm, GE Healthcare Bio-Science) column that had been equili-brated with the buffer described above, and the enzyme was eluted with a linear gradient of NaCl (0 to 1.0 M). The fractions with high L-AI activity were pooled together and then applied to a MonoQ HR (0:5 Â 5 cm, GE Healthcare Bio-Science) column equilibrated with the buffer described above, and eluted with a linear gradient of NaCl (0 to 1.0 M). The active fractions were collected and the purified enzyme was analysed by SDS-PAGE by the method of Laemmli. 34) The purified enzyme was used in further enzymatic characterization by the method described previously. 26) Analytical methods. L-AI activity was measured in a 0.5 ml reaction mixture containing 50 mM sodium phosphate buffer (pH 7.0) and 50 ml of appropriately diluted enzyme. The reaction was initiated by the addition of L-arabinose (final concentration, 10 mM), the mixture was incubated for 10 min at 37 C, and the reaction was then terminated by the addition of 50 ml of trichloroacetic acid (10%). Formation of L-ribulose was determined spectrophotometrically by the cystein-carbazole method. 35) One unit of activity was defined as the formation of 1 mmol L-ribulose within 1 min under the assay conditions. The protein concentration was measured using a Bio-Rad protein assay kit with bovine serum albumin as a standard according to a standard procedure. 36) RNA extraction and transcription analysis of araA. M. smegmatis was grown at 37 C for 48 h on TSB medium. After cultivation, the cells were collected and washed twice with sterilized 0.2 M KCl. The washed cells were transferred to a new mineral salt medium supplemented with 0.5% sugars and incubated at 37 C with shaking. E. coli DH5 was grown at 37 C for 24 h on a LB medium. After cultivation, the cells were collected and washed twice with sterilized 0.2 M KCl. The washed cells were transferred to a new M9 salt medium supplemented with 0.5% sugars and incubated at 37 C with shaking. The sugars selected in this study were allitol (Alli), L-arabitol (L-Arab), galactitol (Gali), D-talitol (D-Tali), L-talitol (L-Tali), ribitol (Ribi), Larabinose (L-Ara), D-galactose (D-Gal), D-glucose (D-Glc), L-ribose (L-Rib), L-ribulose (L-Ribu), and Ltagatose (L-Tag) according to structural relationship with L-arabinose, which is a known inducer of L-AI. The samples for RT-PCR were collected after 10 min, 30 min, 60 min, 120 min, 240 min and 480 min of induction. Total RNA was extracted from the samples with an RNeasy plant mini kit (Qiagen) according to the instructions. Qualitative RT-PCR reactions were performed with a mixture of araA and gpdA primers ( Table 1) by one-step SYBR RT-PCR kit (Takara shuzo) according to the instructions, and the amplified DNA was separated by agarose gel electrophoresis and visualized under UV exposure. Quantitative RT-PCR reactions were performed with the RNA samples after 240 min of incubation and synthetic primers ( Table 1) in ABI PRISM 7500 real-time PCR (Applied Biosystem, Foster, CA) with a one-step SYBR RT-PCR kit under optimized conditions. The relative values of threshold cycle (C T ) were calculated by the average of three replicates, and normalization of the results was done using glutaraldehyde 3-phosphate dehydrogenase gene (gpdA). In case of qualitative RT-PCR, the reverse transcription reaction was performed in a tube with the mixture of araA and gpdA primers. Reverse transcriptions of araA and gpdA from E. coli were performed with araA-Eco-R and gpdA-Eco-R primers respectively, and those of araA and gpdA from M. smegmatis were done with araA-Myc-R and gpdA-Myc-R primers respectively. The amplification reaction was performed in a tube with the mixture of araA and gpdA primers. For quantitative RT-PCR, amplification reactions of araA and gpdA from E. coli were performed with a combination of araA-Eco-F and araA-Eco-R primers and one of gpdA-Eco-F and gpdA-Eco-R primers respectively, and those of araA and gpdA from M. smegmatis were done with a combination of araA-Myc-F and gpdA-Myc-R and one of gpdA-Myc-F and gpdA-Myc-R primers respectively. The primer combinations for amplification of part of araA and gpdA were designed specifically to detect 550-bp and 300-bp fragment respectively. Correction of the amplification results was done using gpdA as the control gene, whose expression is known to be constitutive under these conditions.
Nucleotide sequence accession number. The nucleotide sequence reported in this paper has been deposited in the DDBJ nucleotide sequence database under accession no. AB038527.
Results and Discussion
Cloning and sequencing of araA gene The specifically amplified 660-bp fragment using degenerated primers of F3-R2 was ligated with pUC119 and used to construct plasmid pAK1, which was cloned into E. coli DH5. Then the nucleotide sequence of pAK1 was determined using M13 forward and M13 reverse primers (data not shown). The partial amino acid sequence of the insert showed significant identity with L-AI from various sources. As a first step in gene cloning, we succeeded in partial gene cloning of araA.
The complete length of L-arabinose isomerase gene (araA) was inserted into pAK2 and the nucleotide sequence of araA and its 5 0 -region was determined from both strands (data not shown). The gene consisted of 1,503 bps encoding 501 amino acid residues with calculated molecular mass of 54,888 Da ( Table 2) .
The deduced amino acid sequences of L-AI protein (AraA) showed highest amino acid identity (55%) to that from B. subtilis (DDBJ accession no. X89408), while it was 50% identical to that from Thermotoga maritima (Swiss-Prot accession no. Q9WYB3), and 49% identical to that from E. coli (DDBJ accession no. M15263), Bacillus stearothermophilus (DDBJ accession no. AF160811), and Salmonella typhimurium (DDBJ accession no. M11047), as shown in Table 3 . Four active sites of L-AI from E. coli were conserved in this enzyme. 37) 
Cloning and sequencing of complete arabinose operon
Complete lengths of araA, L-ribulokinase gene (araB) and L-ribulose 5-phosphate 4-epimerase gene (araD) were inserted into pAK3, and the nucleotide sequence of these genes and its 5 0 -flanking region was determined from both strands (data not shown). The araB gene consisted of 1,689 bps encoding 563 amino acid residues with a calculated molecular mass of 60,362 Da, and the araD gene consisted of 666 bps encoding 222 amino acid residues with a calculated molecular mass of 24,238 Da (Table 2) .
Finally, the complete lengths of LacI-like unknown protein gene (araR), L-arabinose transport protein gene (araG), and L-arabinose membrane permease gene (araH) were inserted into pAK4, and the nucleotide sequences of these genes and their 5 0 -flanking regions were determined from both strands (data not shown). The araR gene consisted of 954 bps encoding 318 amino acid residues with a calculated molecular mass of 35,555 Da, the araG gene consisted of 1,512 bps encoding 504 amino acid residues with a calculated molecular mass of 55,018 Da, and the araH gene consisted of 987 bps encoding 329 amino acid residues with a calculated molecular mass of 34,329 Da ( Table 2 ).
The deduced amino acid sequence of L-ribulokinase protein (AraB) showed highest amino acid identity (51%) to that from B. subtilis (DDBJ accession no. X89408), followed by B. stearothermophilus (50%) (DDBJ accession no. AF160811), E. coli (33%) (DDBJ accession no. M15263), and S. typhimurium (32%) (DDBJ accession no. M11047), and L-ribulose 5phosphate 4-epimerase protein (AraD) showed highest identity with that of Haemophilus influenzae (42%) (Swiss-Prot accession no. Q0I2L2), followed by B. stearothermophilus (39%) (DDBJ accession no. AF-160811), E. coli (39%) (DDBJ accession no. M15263), B. subtilis (38%) (DDBJ accession no. X89408), and S. typhimurium (38%) (DDBJ accession no. M11047) ( Table 3) . A comparison of the primary structures of the products (AraR) predicted to be encoded by araR with sequences in the Genbank revealed no significant similarity with known function proteins, while the deduced amino acid sequence encoded by araR showed a highly similarity (47%) with a predicted E. coli regulatory protein grouped into LacI family (Swiss-Prot accession no. Q1R328). 25) araR of M. smegmatis might act as a negative regulator of the ara operon, and its expression was repressed by its own product as well as araR of B. subtilis and araC of E. coli.
Structure and organization of L-arabinose operon DNA sequence analysis of a predicted promoter region presented in the two gene clusters, araB-araD-araA and araR-araG-araH, with these orientations, which are transcribed in opposite directions. araR, which is a predicted repressor protein of arabinose operon, was proceeded by a putative ribosome binding site (AGGA), and upstream from ribosome binding site, there were two sequences, TAACAT and TTGACC, shown in their orientation, similar to the À10 and À35 consensus sequences TATAAT and TTGACA respectively, recognized by RNA polymerase (Fig. 1) . araB, an arabinose metabolite enzyme, was also proceeded by a ribosome binding site (AGAG), and its upstream sequences, ACCACA and TTGACG, were similar to the À10 and À35 regions respectively. Overall structure and organization of ara operon of M. smegmatic was similar to that of B. subtilis. Preliminary studies suggested that the expression of L-arabinose metabolite genes are subjected to catabolite repression by D-glucose. Upstream region of araB ribosomal binding site contained the sequence TGTGACTCAG, which is similar to the consensus sequence of cis-acting carbon catabolite repression elements (CRE) involved in catabolite repression.
Purification and characterization of the recombinant L-AI
A coding region of araA was digested as a BamHI-HindIII fragment and ligated to the same site of plasmid pQE30, which is corporating with the histidine tag at the N-terminus of recombinant protein, and was constructed expression plasmid pAK5. Plasmid pAK5 was transferred into E. coli JM109, which showed highest enzyme activity of the tested hosts (data not shown). Enzyme production reached a maximum after 4 h of induction by IPTG at 30 C. A maximal volumetric yield of 88 U soluble L-AI per liter of medium, the same productivity as that from M. smegmatis, was obtained after 12 h of cultivation and 4 h of induction by IPTG.
Recombinant L-AI protein was purified from the crude extract by two-step chromatography based on anion exchange ability. The results of the overall purification procedure are summarized in Table 4 . At the final purification step, the enzyme was purified 3,700-fold, with a recovery yield of 50%. The purified enzyme was then analyzed by SDS-PAGE. It showed a single band with an estimated molecular mass of 57 kDa, the same as that of the authentic enzyme from M. smegmatis, as illustrated in Fig. 2 . Recombinant L-AI produced by E. coli JM109 harboring pAK5 showed almost the same enzymatic characteristics as authentic L-AI. Although as for substrate specificity, L-arabinose and D-fucose were favored substrates, the enzyme showed only slight activity on L-altrose and L-threose, as illustrated in Table 5 . It has been reported that L-arabinose, D-galactose, Dfucose, D-ribose, D-allose, D-xylose, D-mannose, and D-gulose are substrates for L-AI from mesophilic and thermophilic microorganisms. 13, 27) The case of L-AI from M. smegmatis, a mesophlic microorganism, indicated different features that showed substrate specificities for L-altrose and L-threose in addition to showing above substrates (Table 5 ). We have reported the production of L-erythrulose from erythritol. 9) From this result, we suggest that L-threose is produced from erythritol combined with two isomerase reactions (Lribose isomerase and L-arabinose isomerase) and an oxidation reaction. Furthermore, bioconversion of Lpsicose to L-altrose was observed using L-arabinose isomerase. L-Psicose, an elusive rare sugar not abundant in nature, can be produced from L-fructose. We have succeeded in the production of L-psicose from D-fructose via D-psicose, allitol, and L-fructose by combination with D-tagatose 3-epimerase and two-step reductionoxidation reactions. 38) But it has not been an enzyme for bioconversion of L-psicose to L-altrose can be produced, so this enzyme is the first report on a potential catalyst for the production of L-altrose from L-psicose. The ability of inhibition was determined for various polyols. The result showed that ribitol and L-arabitol were strong inhibitors of the enzyme reaction, the same result as in previous reports (Table 5 ).
Transcription analysis of araA
To characterize better the regulation of araA in sugar isomerization, the transcription levels of araA in the cells treated with different sugars were measured by RT-PCR.
Transcription of araA from E. coli, observed in cells incubated for 60 min with L-arabinose, gradually decreased to 240 min, while transcription of D-galactoseinduced cells detected from 30 min to 120 min of incubation was undetectable after 240 min (Fig. 3a) . Expression in L-arabinose-induced cells was repressed by D-glucose treatment (data not shown). Furthermore, transcription as treated with L-talitol and galactitol was also observed from 30 min to 60 min of incubation. Expression as treated with other sugars, i.e., D-glucose, L-arabitol, ribitol, L-ribose, L-ribulose, D-tagatose, Dtalitol, and allitol, was not observed in this experiment ( Fig. 3a) . The C T value was determined to be 15:04 AE 0:26 and 15:79 AE 0:29 when L-arabinose and D-galactose were used as inducers, and was not detectable when other sugars were used in triplicate experiments after 240 min of incubation. The result of real-time PCR confirmed that araA expression was observed in the cells induced by L-arabinose as well as in those induced by Dgalactose. Furthermore, expression in L-arabinose-induced cells was repressed by D-glucose (C T was not detectable). These data confirm that araA expression of E. coli was induced by L-arabinose and D-galactose, and indicate that transcription of the araA is subject to glucose repression. Transcription of araA from M. smegmatis, observed from 60 min to 240 min of incubation with L-arabinose, was undetectable after 480 min, while transcription of Dgalactose-induced cells was detected from 120 min to 480 min of incubation. The maximum transcription level was observed after 120 min, 240 min, 240 min, 240 min, 240 min, and 480 min of incubation for L-ribose, Larabinose, L-ribulose, L-talitol, galactitol, and D-galactose respectively (Fig. 3b ). Cells induced by L-ribose for 240 min showed the highest expression level in this experiment, while expression in L-arabinose-induced cells was not repressed by D-glucose treatment (data not shown). Expression as treated with other sugars, i.e., Dglucose, L-arabitol, ribitol, D-tagatose, D-talitol, and allitol, was not observed (Fig. 3b) . The result for realtime PCR using the same RNA samples from M. smegmatis after 240 min of incubation confirm that the highest expression was observed in cells induced by L-ribose (C T ¼ 14:07 AE 0:42), followed by cells induced by L-arabinose (C T ¼ 14:23 AE 0:21), and galactitol (C T ¼ 14:89 AE 0:02). These data suggest that araA expression of M. smegmatis is induced by a wide range of sugar substances, and indicate that transcription of araA is not affected by glucose repression (C T ¼ 16:26 AE 0:42).
A previous report on induction of L-AI by L-arabinose and D-galactose indicated that this property is explained by the structural similarity of the shared L-cis-hydroxyl configuration at C3 and C4 positions, 23) while in this study, the expression of E. coli araA was induced by Larabinose, D-galactose, galactitol, and L-talitol, which have common D-, L-and L-hydroxyl configuration at C2, C3, and C4 positions respectively (Fig. 4) . We suppose here that this hydroxyl configuration of sugars plays an important role in interacting with negative transcription regulator (AraC) protein in E. coli. Although the hydroxyl configuration of sugar at C2 position is L-, expression of M. smegmatis araA was strongly induced by L-ribose in addition to sugars above, confirming the previous report. 23) These different results of transcription induced by sugars suggest that the transcriptional regulation of araA from M. smegmatis against sugar is relatively loose as compared with that from E. coli, and that it depends on the hydroxyl configuration at C2, C3, and C4 positions of sugar. This phenomenon might be due to the different structure, of the regulatory proteins, i.e., AraC in E. coli and AraR in M. smegmatis. The regulatory mechanism mediated by AraR in M. smegmatis have to be studied in future research, because the primary structure of this protein did not show significant similarity to known regulatory proteins of the ara operons from various organisms.
Although the predicted consensus sequence of CRE was observed in 5 0 -non coding region of araB-araD-araA genes, expression of M. smegmatis araA was not affected by D-glucose. This may not be CRE, which does not have an optimized consensus sequence for interacting with repressor proteins. Generally, the expression of sugar metabolite genes is strongly controlled not only by substrate and product but also by an energetically favorable carbon source such as D-glucose. These are interesting results in which regulation of the M. smegmatis ara operon is done in another manner than in E. coli or B. subtilis.
